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Abstract 
In the biomass power generation, the analysis of pyrolysis products for alternative fuel is very important. In pyrolysis, 
we have conducted experimentally about char formation and gas products of woody biomass in slow pyrolysis. In the 
investigation of char formation, a packed bed of biomass particles undergoing pyrolysis has been two-dimensionally 
visualized. For char formation investigation, the setting temperature of the furnace was changed from 523 K to 1073 
K and for gas product investigation, the setting temperatures were carried out from 673 K to 1073 K. The heating rate 
of the furnace was 400 K/hr. From the experimental results, it was found that the char formation process was closely 
connected with the pyrolysis and divided three regions; i) region of dehydration from biomass, ii) region of pyrolysis 
of cellulose and iii) region of pyrolysis of lignin. It was found that the char formation process of the biomass layer 
through the pyrolysis could be expressed by the reversible first order chemical reaction model. In the gas products, 
the gas flow rate and gas composition was found to be dependent on the setting temperature. In the high pyrolysis 
temperature, gas from tar production was decomposed by degradation, mainly, caused by secondary gas phase 
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1. Introduction 
Nowadays, an essential matter regarding thermal energy requires some resources having environment 
friendly emissions. The specific attention is paid to find a competing source, which can play an important 
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role in reducing green-house gas emissions. Due to the reason, woody biomass has become the most 
appropriate alternative energy resource. The woody biomass has a lot of features such produce carbon-
neutral having many advantages from an ecological point of view. Especially, for recognizing the unused 
woody biomass, it denotes a fascinating energy source for many reasons, mainly, because the biomass can 
be categorized as a renewable energy material. 
The most promising route for gaining energy from the woody biomass prefers pyrolysis. Unfortunately, 
the reaction mechanism of the pyrolysis is very complex, due to the formation products or decomposition 
of the biomass in its reaction paths [1]. Many researchers described the reaction paths based on the 
apparent kinetics. In the apparent kinetic itself, there are multifarious of kinetics, resulting the research 
would like to investigate in pure substance like cellulose and lignin than wood-biomass. For the woody 
biomass, it consists of many substances, so that in general, the reaction mechanism of pyrolysis can be 
described that the woody biomass is pyrolyzed in through the two reaction paths [2]. In the primary 
reaction, when the thermal decomposition occurs, the woody biomass is decomposed into gas, tar, and 
char. Meanwhile, lignin and holocellulose appear as dominant parts in the primary reaction as long as the 
phenomenon has been studying [3].  
Since chemical reaction rate in pyrolysis is strong functions of temperature, for controlling inside the 
pyrolysis of woody biomass, predominantly, heat is transmitted by thermal conduction mechanism in the 
biomass layer. In most cases, when considering the chemical reactions in pyrolizer, the volume of biomass 
produced char was not assumed as a change [4]. In contrast, when it proposed [5] an investigation by 
using 0.6 g biomass sample in the pyrolysis experiment, the investigation resulted that the volume of the 
biomass layer revealed on the temperature-dependence during pyrolysis process and also the volume has 
been changed. It has not been clearly how the change of the biomass volume for char formation, however, 
the change of the volume will affect an apparent density of the char formation. Consequently, this 
experiment is carried out to investigate the mechanism of char formation in the biomass layer. 
Afterward, the char formation in the biomass layer finds out the apparent density during the pyrolysis 
process, which surely depends on its setting temperature.  
In the research, it is also observed another product: gas produced by pyrolysis process. After 
investigation the char formation in the biomass layer, it is examined flow rate of gas generation and gas 
composition during pyrolysis as the energy product in the pyrolysis. In the pyrolysis of biomass, it is 
important to account and curious the gas production rate of the biomass and the composition of the 
generated gas. Since pyrolysis is a precursor of gasification, the gas generation of pyrolysis product will 
be used in the next stage, gasification. The gases then will be combusted in a secondary process. It must 
be known the quantity of gas products also the composition. Even in some systems, the pyrolysis phase is 
followed by a second gasification stage. Therefore, the gas generation rate and composition will be 
elucidated by using small amount of the biomass influenced by setting pyrolysis temperature. 
In this study, we scale up the mass of the previous experiments and examined the char formation by 
means of visualization, the generated gas flow rate and composition by thermal decomposition in slow 
pyrolysis.  
2. Experimental apparatus and procedure 
2.1. The feedstock 
In this experiment, it was used the dry Cedar-biomass as the sample using pulverized biomass having 
mean diameter about Dp = 1 mm. Before conducting the experiment, the biomass was dried during 120 
minutes at temperature 383 K treated inside the dryer. 
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2.2. The visualization of the volume reduction in the biomass layer 
Fig.1 performs a detailed experimental device to visualize the char formation of biomass during 
pyrolysis process. In the furnace, the biomass put into a quartz beaker in addition to the height of biomass 
was assumed as layers. Moreover, the char formation was observed by means of a video camera recorder 
in which it was placed in front of the opening of furnace 
Initially, the dry biomass was inserted in the quartz beaker (height 63 mm with diameter inside 50mm) 
equaled to 9 gr and the height of initial biomass was measured about 30 mm. After completing the initial 
step, the char formation was monitored by video camera. It was observed not only visualizing the char 
formation, but also measuring temperature distribution in the layer of biomass. Due to the reason, in the 
experiment, the visualization of char formation and temperature distribution were conducted in 
conformity. Three thermocouples are fixed in the quartz beaker carried out to investigate the char 
formation rate as function of temperature. It would be plotted to become an Arrhennius rate constant of 
the char formation in the biomass layer (Fig. 4) 
Furthermore, Nitrogen gas as 4 l/min was flowed into the furnace to suppress the oxygen from the 
reactor, to prevent the window from occurrence of tar vapor, and to carry away some gaseous products. 
The tar and the gaseous products were taken away through the exhausted gas flow. After accomplishing 
the experiment, the weight of char was measured to indicate the final weight of biomass using an 
electronic balance 
2.3. Gas generation undergoing pyrolysis  
The study also investigated the gas products during pyrolysis. It was used the same feedstock and 
procedure as the char formation experiment, however, in this experiment it was used a vertical furnace for 
pyrolyzer. The pyrolyzed biomass had 100 g of weight. There were 2 steps to investigate the gas products. 
Firstly, it was observed the flow rate of gas measured by wet gas meter to understand how the gas 
generated in pyrolysis process. Afterwards, these experiments not only measured the flow rate, but also 
investigated the generated gas composition using Gas Chromatograph. Two experiments were carried out 
separately. 
 
Fig. 1. Schematic diagram of pyrolysis for investigating char formation 
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Fig. 2. Experimental apparatus of the gas products measurements 
It can be seen in Fig. 2 illustrating the experimental apparatus of the generated gas composition and the 
generated gas flow measurements. In order to remove moisture contained in the product gas and tar, some 
fibreglass traps consisting CaCl2 and glass wool were installed between the furnace and flow meter. When 
investigating the flow rate of generated gas, a video camera was used to monitor the change of the gas 
volume rate per minute. Separately, by switching the valve, the experiment conducted to measure the gas 
composition was carried out by flowing the gas products to the gas sampling bag, hereafter, the gas 
products were verified by using the GC for knowing the gas compositions  
3. Results and discussion 
3.1. The char formation process in the biomass layer 
The setting temperature (Ts) dependence over the volume changes estimated by visualization of char 
formation is shown in Fig. 3. The graph compares the experimental the volume of char formation and the 
calculated one in which all of plots in the graph are the experimental results and solid lines one represent 
the calculated results. Then, at Ts<623 K, it can be clearly seen that the char formation decreases 
gradually and continue to decrease but more rapidly at Ts>673 K. In this temperature ranges, it 
corresponds to a temperature which occurs generated tar of biomass. The figure showed a large change in 
the char formation process. It can be explained that the thermal decomposition reaction was found to vary 
greatly to reduce the vigorous volume of char. Then, the volume of char in any setting temperatures was 
found to reach asymptotic at the certain values. 
Then, we have the thermal decomposition process closely related to the char formation process, so that 
the reaction is analyzed by using the primary model. 
)( 0 VV
VV
k
dt
dV
  (1) 
Because k depends on the temperature, it can be assumed that there is a close relationship between the 
volume reduction process of thermal decomposition process and the analysis of model reaction 
Exp.B,
0 exp T
akk   (2) 
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where k is the char formation rate constant (m3/min), V is volume of char (m3), V0 initial layer biomass 
volume (m3), V  volume of char after reaching an equilibrium char layer (m3), TB,exp biomass 
temperature during pyrolysis (K), and k0 as well as are constants. 
By substituting eq. 1 and eq. 2, it is found eq. 3 to calculate the char formation rate in each setting 
temperature. Besides, inverse of the temperature biomass layer (1/TB,exp) over constant rate of char 
formation of the residence time (k) is graphed in the Arrhenius plot as shown in Fig 4. From the graphic, 
the values of char formation rate constant can be divided into three major regions. First region is at range 
300K <TB,Exp<580K. The region is served by the dehydration of cellulose and it is a difficult region to 
gain char formation. Then, at range 580K<TB,Exp<630K, the volume of char formation decreases rapidly. 
In this temperature range, it corresponds to an area dominated by thermal decomposition of cellulose and 
hemicelluloses. In addition, for TB,Exp>630K, the smaller volume of produced char rate is over again. This 
area is a part dominated by thermal decomposition of lignin in the primary reaction. 
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Fig. 3. The volume of char formation during pyrolysis 
 
Fig. 4. Arrhenius plots for the rate constant of char formation. 
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Table 1. Parameters for the rate constant of char formation 
Temperature (K) k0 (cm3/min) a (1/K) 
300 < TB, Exp. < 580 483000 7600 
580 < TB, Exp. < 630 8000000 8800 
630 < TB, Exp. < 1073 6.86 410 
 
The values of k0 are shown in Table 1. The values are required to assign the reaction rate coefficients 
or char formation rate coefficients k obtained by the above method.  
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3.2. The generated gas of pyrolysis process 
Fig. 5 shows the setting temperatures; 673 K, 873 K, 1073 K generated in the gas flow measurement. 
Fig. 6 describes the compositions of gas products in the same setting temperature, however, only in 50 
minute, 70 minute, 90 minute, 110 minute, and 130 minute. In the graph, the left bar presents the gas 
product at 673 K, the middle and the right bars show the gas product at 873 K and 1073 K, respectively. 
Firstly, it considers the result of 673 K setting temperature. In Fig. 5, the generated gas flow rate 
reaches a peak in about 60 minutes. Then, from 70 to 90 minutes, it is almost constant and then decreasing 
again until the end of pyrolysis process. The compositions of generated gas, mainly CO2 with little 
amount of CO, CH4, and H2. The valuable gas as fuel or flammable gas like CH4 and H2 were only 
generated in a little 
Then, in the setting temperature 873 K illustrated in Fig. 5, the gas flow generation reaches a peak in 
about 70-80 minutes after pyrolysis, continued to decrease until the pyrolysis process finished. For the gas 
composition, it has the same composistion as 673 K, however, the amount of CO, CH4 and H2 are higher 
than 673 K. Even, for flammable gas; CH4 and H2, it increases. H2 was produced from 90 minutes 
pyrolysis and increase moderately until the end of process.  
In the highest setting temperature, 1073 K, the gas flow rate has a similar trend as 873 K, but the peak 
reaches in around 70 minutes. Then, the flow rate inclines again from 90 minutes, it reacheas a second 
peak in around 110 minutes. After 120 minutes, the flow rate decreases sharply. The second peak is 
caused by thermal decomposition in the second step in which another pyrolysis product; tar, was 
decomposed to be gas and char. Tar is considered to be decomposed in secondary reaction causing vapor 
decomposition. It causes the increasing gas produced. Therefore, the secondary reaction is begun from 
873 K. It is looked at Fig. 6, the flammable gas increase sharply in 1073 K setting temperature.  
 If it is analyzed in all of the setting temperatures, the composition of the gas is mainly CO2 in 50 
minutes. Therefore, as higher the setting temperature, as higher the flammable gas generated. Besides, as 
higher the setting temperature, as higher the flow rate, even it can reach more than one peak signing the 
thermal decomposition of biomass pyrolized more than one reaction. 
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Fig. 5. The flow rate of gas products during pyrolysis 
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Fig. 6. The composistion of gas products 
4. Conclusion  
The char formation during the processes of thermal decomposition of woody biomass was carried out 
experimentally in the range temperatures from 523 K to 1073 K and heating rate 400 K/hr. The results 
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showed that the pyrolysis process based on the char formation can be divided into 3 regions ; i) the region 
of dehydration of cellulose, ii) thermal decomposition of cellulose region, iii) the region of lignin thermal 
decomposition, which can be reproduced approximately by the model assuming a first order reaction. 
In the gas products, it was carried out the measurement of the gas flow rate and the composition of 
generated gas. The results show that the gas products depend on the pyrolysis temperature. The flammable 
gas needs the high pyrolysis temperature. The study also shows that in high pyrolysis temperature, the 
pyrolysis reaction is decomposed more than one reaction. Tar was decomposed in the secondary gas phase 
so that it causes the increasing of the gas product. 
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